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Abstract 
The present study is to clarify the artificial aging and texture effects on tensile mechanical properties and failure behaviors of the / dual-
phase Mg-8.5Li-2.8Al-1.1Zn (LAZ931) alloy through the friction stir process (FSP). It is noted that the Mg-rich -phase was dissolved in 
the Li-rich -phase matrix after the FSP modification. The increasing microhardness within the stir zone (SZ) was resulted from the grain 
refinement of the -phase. After performing an artificial aging at 150ºC, needle-like ultra-fine grains of the -phase precipitated from the 
-phase matrix, especially occurred at the SZ. The crystallographic orientation and the texture of LAZ931-FSP were determined by X-ray 
diffraction and pole figure analysis. The tensile strength was increased, but the elongation was decreased for the LAZ931-FSP specimens. 
However, the elongation of LAZ931-FSP was increased after the artificial aging treatment. The inter-granular failure resulted from the 
decohesion at /-interface and cracks propagation along the -phase grain boundaries.  
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1. Introduction 
Lightweight magnesium (Mg) alloys, which has the lowest density (1.74 g cm–3) of any metallic constructional material 
in inductrial applications [1,2]. It has many advantages such as high specific strength, high specific stiffness, well 
recyclability and radiation absorption of electromagnetic waves. It also provides high damping capacities, high thermal and 
electrical conductivities [2]. They are now widely used in consumer electronic industries, biomedical and sports applications. 
There are numerous applications within the automobiles and aerospace [3] of nowadays for the purpose of reducing vehicle 
weight and fuel consumption [4]. However, more widespread commercial applications of Mg alloys are limited due to its 
poor formability at room temperature arising from its hexagonal close-packed (hcp) crystal structure. Thus, it is important to 
develop the Mg alloys having excellent mechanical properties. The Mg-Li alloys system has attracted attention as a basis for 
ultra-lightweight metals, which can be a good candidate for making components for aerospace vehicles [5]. Adding lithium 
(Li) to Mg can transform the hcp structure to a body-centered cubic (bcc) structure, substantially increasing the ductility of 
the Mg-Li alloys and further reducing its density [6]. From the equilibrium Mg-Li phase diagram, Li has a high solubility in 
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Mg. When Li content is less than 5 wt.%, only Mg-rich -phase (hcp) exists. Mg alloying with the addition of about 5-11 
wt.% Li content exhibits a dual-phase eutectic structure, which consists of a Mg-rich -phase and a Li-rich -phase (bcc). A 
bcc single-phase Mg-Li alloy is obtained if Li content of more than 11 wt.% is added. Mg-Li alloys have better formability 
and vibration resistance than commonly used wrought AZ-series alloys [6,7]. Recent studies investigated the effects of cold 
working, addition of alloying Al and Zn elements, aging and precipitation hardening on improving the Mg-Li alloys [8,9]. 
Friction stir welding (FSW) is a relatively new solid-state joining technique, which was invented by The Welding 
Institute (TWI) of United Kingdom in 1991 [10]. FSW can be considered as the most important development in metal 
joining in last decade. In addition, friction stir processing (FSP) has been developed as a thermo-mechanical microstructural 
modification technique of metallic materials based on the basic principles of FSW [11]. FSW/FSP is emerging as an 
effective solid-state joining/modification technique. Many studies have reported on the microstructural evolutions, grain 
refining effect, texture effect, dynamic recrystallization and mechanical properties of various Mg-Al-Zn (AZ-series) alloys 
after the FSW/FSP [12-15]. However, the effect of FSP is seldom discussed vis-à-vis Mg-Li alloy systems. Since the phase 
composition varies significantly according to Li content, it is important to investigate the mechanical properties, as well as 
failure behaviors of Mg-Li alloys after the FSP. Thus, the aim of present study is to investigate the effect of FSP and post-
artificial aging on variation of microstructural features and tensile properties for the dual-phase Mg-Li-Al-Zn alloy. 
2. Experimental procedures 
The base metal (BM) used in this study was 3 mm-thick as-extruded Mg-Li-Al-Zn alloy (LAZ931) with a chemical 
composition of 8.5 Li, 2.8 Al and 1.1 Zn (wt.%), which was determined by inductively coupled plasma-atomic emission 
spectrometry (ICP-AES). The as-extruded LAZ931 sheets were machined into experimental samples with dimensions of 
100 mm (l) × 30 mm (w). Fig. 1(a) schematically illustrates the friction stir process (FSP). During the FSP, a stirring probe 
of 6-mm diameter and 2-mm depth, protruding from a cylindrical rotating rod of 17-mm diameter, was plunged into the 
rectangular LAZ931 specimens. The rotation speed was set at 2500 rpm, and the downward push pressure was controlled at 
about 15 MPa. The downward push pressure and the rotational speed were maintained for an appropriate time to generate 
frictional heat. With a tilting angle of 1.5º, the stirring probe moved along the extruded direction (ED) of the LAZ931 
specimens at a traverse speed of about 2.5 mm s–1. The as-processed specimens were 5ºC-water quenched immediately, and 
they will be designated as “LAZ931-FSP”, and the plane normal of the processed direction (PD), normal direction (ND) and 
transverse direction (TD) are also denoted in Fig. 1(a). Part of the LAZ931-FSP specimens were then artificially aged at 
150ºC for 3 hours and then water quenched. They will be labeled as “LAZ931-FSP/A”. 
The microstructures of as-extruded LAZ931, LAZ931-FSP and LAZ931-FSP/A specimens were examined with optical 
microscope (OM). The phase composition and crystal structure were identified by X-ray diffractometry (XRD), using CuKα 
radiation at 30 kV, 20 mA with a scan speed of 1° (2) min–1. Micro-Vickers hardness test (Hv) was applied to evaluate the 
variations of hardness after the FSP modification and artificial aging treatments. The micro-Vickers hardness test across the 
cross-sections of LAZ931-FSP specimen was applied using a Vickers indenter with a 10 g load for 10 s dwell time. Each 
datum was the average of three tests.  
The as-extruded LAZ931, LAZ931-FSP and LAZ931-FSP/A were machined into tensile testing samples with 
dimensions of 50 mm (l) × 15 mm (w). Fig. 1(b) illustrates the orientation of LAZ931-FSP(/A) tensile specimens. It shows 
the dimensions of specimens, which gage length is completely within the stir zone (SZ). Uniaxial tensile tests, which were 
conducted parallel to the PD (and along ED for the as-extruded LAZ931), had an initial strain rate of 1.67 × 10–3 s–1. Each 
datum was the average of five tests. The samples that failed were examined using a scanning electron microscope (SEM) to 
observe the fracture surfaces, while the failure sub-surfaces on the TD plane were examined by an OM. 
(a)     (b)  
Fig. 1. Schematic illustrations of (a) friction stir process (FSP), (b) the orientation of LAZ931-FSP tensile specimen and the tensile specimen dimension. 
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3. Results and discussion 
Fig. 2(a) shows the 3-D optical microstructure of the as-extruded LAZ931 alloy, which is composed of a dual-phase 
crystal structure, and it displays a typical extruded texture with an elongated microstructure along the ED. The light gray 
and dark gray regions correspond to the Mg-rich -phase and the Li-rich -phase, respectively. The volume fraction of α-
phase, which is quantitatively calculated by an image analyzer (OPTIMAS 6.0), is measured to be about 26.2 ± 1.2 % 
(vol.%). The micro-Vickers hardness test shows the average microhardness of α-phase to be Hv65.7 ± 2.2, while that of β-
phase is Hv55.3 ± 2.3. Fig. 2(b) shows the cross-sectional microstructure (on the PD plane) of the LAZ931-FSP specimen. 
We can see that the / dual-phase microstructure is significantly changed with a special texture after FSP modification. 
High magnification images as illustrated in Fig. 2(c)-2(f) display the microstructures at different regions as denoted in Fig. 
2(b). Fig. 2(c) shows the microstructure close to the surface of stirred specimen at the advancing side (AS). It can be seen 
that a significant metallic plastic flow with ultra-fine grains of the -phase is obtained at this region during FSP. Fig. 2(d) 
and Fig. 2(e) show microstructural features of the upper SZ region and the bottom SZ region, respectively. Compared with 
the base metal (Fig. 2(a)), the extruded texture is eliminated and the grain size is refined and re-distributed within the SZ. In 
addition, it is worth noted that the Mg-rich -phase is almost dissolved in the Li-rich -phase after the FSP. It can be seen 
that the uniaxial -phase grains are represented within the SZ. The average grain size of uniaxial -phase grains is 
significantly reduced to about 7.6 ± 1.0 m for the upper SZ region (Fig. 2(d)). The bottom SZ region also displays an 
obvious metallic plastic flow with a finer average grain size of about 5.1 ± 0.5 m (Fig. 2(e)) than the upper SZ region. Fig. 
2(f) shows the microstructure within the heat affected zone (HAZ) of stirred specimens (LAZ931-FSP) at the retreating side 
(RS). Different from the microstructure at SZ region, however, it still represents a / dual-phase microstructure without 
obvious metallic plastic flow. The average grain sizes of uniaxial -phase grains are about 8.9 ± 0.6 m. The -phase grains 
are just dispersed and refined into tiny grains with an average grain size of about 4.5 ± 1.6 m, and the volume fraction of 
α-phase is reduced to be about 4.1 ± 0.6 % (vol.%) within the HAZ at retreating side (RS).  
(a)   (b)  
(c)   (d)   (e)   (f)  
Fig. 2. (a) 3-D optical micrograph of as-extruded LAZ931 base metal (BM). (b) The cross-sectional microstructure (on the PD plane) of the LAZ931-FSP. 
Microstructural features of (c) the advancing side (AS), (d) the upper stir zone, (e) the bottom stir zone, and (f) the retreating side (RS) denoted in (b). 
Fig. 3(a) displays the microhardness (Hv) profiles along the cross-section (on the PD plane) of LAZ931-FSP specimen. 
The dash line in the figure represents the Vickers indenter testing area, which is located at 1 mm depth from the surface. The 
result shows that the microhardness within SZ (average value of Hv76.5) is significantly increased and higher than the the 
base metal region. Fig. 3(b) shows the XRD patterns, which display typical diffraction peaks of α-phase and β-phase, of the 
LAZ931 base metal, LAZ931-FSP and LAZ931-FSP/A specimens. For the LAZ931 base metal, the prismatic plane of 
( 0211 ) is the preferred orientation for the -phase, and some other crystal planes of the -phase are also observed, though 
the peak intensities are low. As for the -phase, the (200) plane is identified as the preferred orientation for the base metal. It 
is noted that diffraction peaks of the -phase are significantly reduced as a result of the -phase-dissolved phenomenon with 
the decrease in the volume fraction as displayed in Fig. 2(d). In addition, we can see that the preferred orientation of the -
phase is varied from (200) to (110) plane for the LAZ931-FSP specimens. Through performing the artificial aging treatment 
(at 150ºC), diffraction peaks of the basal plane (0002), prismatic planes ( 0110 ), ( 0211 ) of the -phase are observed, and the 
pyramidal plane of ( 1110 ) is the preferred orientation for the -phase for the LAZ931-FSP/A specimens.  
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(a)     (b)  
Fig. 3. (a) Microhardness (Hv) of the LAZ931-FSP. The indentations are made with a spacing of 0.5 mm along the parallel dash line. (b) A comparison of 
the X-ray diffraction patterns for the as-extruded LAZ931, the LAZ931-FSP and the LAZ931-FSP/A specimens. 
Fig. 4(a) shows a microstructural feature of the LAZ931-FSP/A specimen within the SZ. It can be seen that the needle-
like ultra-fine -phase precipitated not only at the grain boundaries, but also within the -phase grains after performing the 
artificial aging treatment. The volume fraction of these precipitated -phase is then increased to about 9.6 ± 1.0 % (vol.%) 
compared with the microstructure of LAZ931-FSP displayed in Fig 2(d), and it also results in the appearance of diffraction 
peaks for the -phase (Fig. 3(b)). Fig. 4(b) shows the -phase ( 1110 ) and -phase (110) pole figures based on the ND plane 
of the LAZ931 base metal. It represents an extruded texture for the -phase ( 1110 ) and -phase (110) planes of the LAZ931 
base metal. The effect of FSP with following artificial aging treatment on the variation of the -phase ( 1110 ) and -phase 
(110) pole figures of the LAZ931-FSP/A is shown in Fig. 4(c). It can be seen that the extruded texture of the -phase ( 1110 ) 
and -phase (110) planes for LAZ931 base metal is significantly changed by the FSP and following precipitation of -phase.  
(a)    (b)           (c)       
Fig. 4. (a) Precipitation and morphologies of the -phase for LAZ931-FSP/A within the SZ. (b) -phase ( 1110 ) and -phase (110) pole figures of the 
LAZ931 base metal. (c) -phase ( 1110 ) and -phase (110) pole figures of the LAZ931-FSP/A specimens. 
Fig. 5(a) shows a comparison on the yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE) and 
total elongation (TE) of the / dual-phase LAZ931 base metal, LAZ931-FSP and LAZ931-FSP/A specimens. After the 
FSP, the tensile strength of LAZ1021-FSP is increased, and it can be resulted from the grain refining effect (Fig. 2(d)-2(f)) 
and the increase of microhardness within the SZ (Fig. 3(a)). In addition, the elongation (UE/TE) is reduced after FSP, and it 
can be recognized that the LAZ1021-FSP is brittleness. The tesile strength of LAZ931-FSP/A is slightly decreased and the 
elongation is obviously increased with performing an artificial aging after the FSP. However, the LAZ931-FSP/A still 
represents a higher tensile strength than the as-extruded LAZ931 alloy, and it is resulted from the precipitation of -phase.  
Fig. 5(b) and 5(c) show the failure sub-surfaces (on the TD plane) within the gauge length of as-extruded LAZ931 and 
LAZ931-FSP specimens, respectively. As seen from the fracture sub-surface of extruded LAZ931 alloy, significant brittle 
fractures occurred with a transgranular cleavage within the -phase and inter-granular failure at the -phase, as those 
encircled in Fig. 5(b). Since the volume fraction of -phase is significantly reduced after the FSP, we can see the LAZ911-
FSP specimen displays an inter-granular failure and the cracks propagation along the grain boundaries of -phase, as 
encircled in Fig. 5(c). Compared with the failure morphology of Fig. 5(b), Fig. 5(d) shows a brittle fracture surface, which 
also displays some cleavage features, generally occurred at the -phase for the extruded LAZ931 alloy. With the reduction 
of the -phase after FSP, the fracture surface of LAZ931-FSP specimen displays an inter-granular failure feature occurred at 
the -phase, as shown in Fig. 5(e).  
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(a)  
(b)   (c)   (d)   (e)  
Fig. 5. (a) The summarized tensile mechanical properties of as-extruded and FSP-modified/aging LAZ931 alloys. Failure sub-surfaces on the TD plane of 
(b) as-extruded LAZ931 and (c) LAZ931-FSP specimens. Fracture surfaces of (b) as-extruded LAZ931 and (c) LAZ931-FSP specimens. 
4. Conclusions 
In summary, considering for the /-dual-phase Mg-8.5Li-2.8-Al-1.1Zn (LAZ931) alloy, Mg-rich -phase can be 
dissolved in the Li-rich -phase matrix, and the volume fraction of -phase is significantly reduced after the FSP. The 
refined, uniaxial -phase grains are observed within the stir zone (SZ), and the increasing microhardness within the SZ 
resulted from the grain refining effect of -phase. The needle-like ultra-fine -phase precipitated at the -phase grain 
boundaries and within the -phase grains after performing an artificial aging treatment at 150ºC. The texture of extruded 
LAZ931 alloy is significantly changed by the FSP. The tensile strength is increased, but the elongation is decreased of the 
LAZ931 after the FSP. However, the elongation is increased with performing an artificial aging for the LAZ931-FSP.  
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